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We propose a generator of surface plasmon polaritons (SPPs) which, unlike spasers or plasmon
lasers, does not require stimulated emission in the system. Its principle of operation is based on
a positive feedback which a classical oscillating dipole experiences from a reflective surface located
in its near field. The generator design includes a nanocavity between two metal surfaces which
contains metal nanoparticles in its interior. The whole structure is placed onto a prism surface that
allows one to detect the generated SPPs in the Kretschmann configuration. The generation process
is driven by a moderate constant voltage applied between the metal covers of the cavity. Both the
generation criterion and the steady-state operation of the generator are discussed.
PACS numbers: 78.67.-n, 41.20.-q, 42.50.Pq
Introduction. – The progress of nanophotonics devel-
ops towards smaller photonic elements and higher pack-
ing density of photonic circuitries. Metal nanostructures,
which support strongly localized electromagnetic excita-
tions known as surface plasmon polaritons (SPPs), pro-
vide unique opportunities in this direction [1, 2]. Utiliza-
tion of SPPs allows one to overcome the diffraction limit
in photonics [3] and can be implemented for extreme light
energy concentration [4], ultra-sensitive sensing [5], high-
resolution microscopy [6], ultra-fast computations and a
plenty of other applications.
This strategy faces, however, challenges because of high
dissipation which is inevitable for all metallic structures.
To compensate optical losses, it was suggested to in-
troduce a gain medium into a metal nanostructure [7].
This idea stems from the conventional approach in laser
physics [8]. An active (gain) medium contains atoms or
molecules which are transferred, under optical pumping,
into their excited states. The excited state population
determines the rate of the emission stimulated by the
electromagnetic field in the cavity, while the ground state
population dictates the stimulated absorption rate. If the
population of the excited atoms exceeds the population
of the ground-state atoms, i.e. a population inversion
occurs, the emission prevails over the absorption. If, be-
sides that, this imbalance overcomes the loss rate for the
cavity field, the field is amplified after each round trip in
the laser cavity, that represents a loop gain. As a result,
the field intensity steadily increases with time until the
saturation comes into play.
The process described above is an essentially quantum
phenomenon. The stimulated emission is accompanied
by the atom transfer to the ground state while the re-
leased energy goes into the creation of a field quantum
(photon). The same principle forms the basis of Surface
Plasmon Amplification by Stimulated Emission of Radi-
ation (SPASER) [9, 10] or plasmon laser [11]. In such a
case, the stimulated emission in the gain medium incor-
porated into the metal nanostructure leads to generation
of SPP quanta.
This mechanism is, however, not the only possible way
of generating SPPs. A classical dipole oscillating above
a conductive surface excites SPPs at the surface - the re-
sult which dates back to Sommerfeld’s paper from 1909
[12, 13]. A surface can be regarded as an open cavity
where the electromagnetic field radiated by the dipole is
reflected back to it. The forward and backward pathways
interfere with each other and the resulting field at the
dipole position depends on the dipole-surface distance, h.
Sommerfeld calculated the power needed by the dipole
to compensate the overall losses which are represented
by the radiation into the half-plane above the dipole po-
sition and the Joule heat in the underlying conductive
substrate. This quantity demonstrates an oscillating be-
havior as a function of h/λ, with λ being the wavelength
of the radiation, that reflects constructive and destruc-
tive interference of the radiated and reflected fields.
A remarkable result takes place for a horizontal dipole
above an infinitely conductive substrate: For very short
distances such that h≪ λ the power needed by the dipole
is equal to zero. In other words, a reflective surface pro-
vides a feedback which supports the dipole oscillations
and can compensate their decay. The abandonment of
the assumption of an infinite substrate conductivity de-
stroys complete loss compensation, however, the relax-
ation rate of the dipole oscillations remains significantly
reduced [12, 13].
Let us turn now to an ensemble of dipoles oscillating
above the surface. Then each individual dipole under-
goes the action of the fields of all other dipoles. The
direct dipole-dipole radiative interaction is nothing else
than the contribution to the Lorentz local field, whereas
their interaction via the reflected fields provides an ad-
ditional feed for the dipole oscillations. If the phases of
the latter fields are such that they support oscillations
(i.e. they supply a positive feedback), then, for a large
enough number of dipoles, the feed can exceed the relax-
ation. In such a case, the polarization of the ensemble
2will increase after each radiation-reflection cycle, thus in-
dicating a loop gain.
This scenario can be realized for an ensemble of metal
nanoparticles (NPs) embedded into a cavity with metal-
lic walls [14]. Within a certain range of parameters, the
field in such a structure can be unstable that leads to
its self-excitation (self-oscillation) in the presence of an
external resonant field. However self-oscillation can, in
principle, be stimulated by a source of power that is not
related anyhow with the periodicity of the sustained os-
cillations, in particular, by a constant external field [15].
In the present paper, we propose a novel principle of SPP
generation in a metal nanostructure which is driven by a
constant applied voltage.
System. – The design of such a generator is shown in Fig.
1. A rectangular cavity of cross-section Lx × Ly in the
xy plane is formed in the subwavelength gap of thick-
ness d between two metals with the dielectric function
ǫm. From the other sides, the cavity is enclosed by a di-
electric material to ensure an electrical isolation between
the metal plates. To provide the possibility of detection
of generated SPPs in the Kretschmann configuration, the
whole structure is placed onto a prism with the dielec-
tric function ǫp, so that the substrate metal thickness, h,
is of the order of the wavelength. We assume that the
cavity interior is filled with the material of the dielectric
function ǫh and contains identical spherical metal NPs
randomly distributed with the volume fraction f .
Suppose now that at the moment of time t = 0 one ap-
plies a constant voltage V0 between the metal covers of
the cavity. Then the polarization of NPs, P, can be de-
scribed in the framework of the harmonic oscillator model
as follows [14]
d2P
dt2
+ Γ
dP
dt
+ ω20P = a
(
E0 +
4π
3ǫh
P+ER
)
, (1)
where ω0 is the frequency of the localized surface plasmon
polariton (LSPP) supported by a nanoparticle, Γ is the
relaxation constant and the coefficient a = (3/4π)fǫhω
2
0
characterizes the coupling between the NPs and the elec-
tric field in the cavity. The cavity field is, in its turn, a
sum of the Lorentz local field and the field scattered by
the NPs and reflected back by the cavity walls, ER. We
assume here that the effect of the walls static polarization
due to the interaction with the NPs is already included
in the constant field E0 created by the applied voltage.
In the linear regime, the solution of Eq. (1) can be rep-
resented as a superposition of a constant contribution,
dictated by the field E0, and the one oscillating with the
frequency close to ω0, i.e. P(t) = P0 + P1(t), where
P0 = (a/ω¯
2
0)E0 and ω¯0 =
√
ω20 − (4π/3ǫh)a = ω0
√
1− f
is the frequency of the LSPP renormalized because of the
mutual interactions between the NPs.
The oscillating part of the polarization can be repre-
FIG. 1. (a) Design of the SPP generator (side view). The
leakage radiation of the generated SPPs can be observed in the
Kretschmann configuration. (b) Top view of the cavity. The
red arrows show the propagation directions of the generated
modes (m,n).
sented in the form
P1(t) = P˜1(t)e
−iω¯0t, (2)
where the amplitude P˜1(t) varies in time much slower
than e−iω¯0t and satisfies the equation
dP˜1
dt
+
Γ
2
P˜1 ≈ iβE˜R (3)
with β = a/(2ω¯0) and the initial condition P˜1(0) = −P0.
The slowly varying amplitude of the reflected field, E˜R,
is in turn expressed in terms of P˜1(t) through the ap-
proximate equation [14]
E˜R(r, t) ≈
∫
F¯R(r, r′; ω¯0)P˜1(r
′, t)dr′, (4)
where F¯R(r, r′;ω) is the reflected contribution to the field
susceptibility tensor and the radius vectors r and r′ spec-
ify points in the cavity. The quantity F¯R(r, r′;ω) relates
the reflected electric field at the point r generated by
a classical dipole, oscillating at frequency ω, with the
3dipole moment itself, located at r′ [16]. It can be ob-
tained as a result of summation of multiple field reflec-
tions from the cavity walls. Its explicit form is known for
a dipole between two parallel reflective surfaces [17].
We assume that the dimensions of the cavity along the x
and y axes are much larger than its height, i.e. Lx, Ly ≫
d. In such a case, to a good approximation, the dipole
emission in the cavity can be regarded as the one in an in-
finitely extended cavity [18, 19]. The corresponding field
susceptibility tensor is given in the Supplemental Mate-
rial [20].
Criterion of generation. – Equation (3) should be consid-
ered jointly with Eq. (4) in order to analyze the stability
of the cavity field. For a constant right-hand side part,
it describes the transient oscillations of the polarization
induced in the NPs decaying as exp(−Γt/2). However, if
Eq. (4) establishes a positive feedback for the polariza-
tion oscillations, Eq. (3) corresponds to ’negative damp-
ing’ [15] which leads to the polarization self-oscillation
and generation of the field in the cavity.
To investigate the field in the cavity, we expand it in the
Fourier series over the intervals −Lx/2 ≤ x ≤ Lx/2 and
−Ly/2 ≤ y ≤ Ly/2 as follows
E˜R(r, t)
=
∞∑
m,n=−∞
eRmn(z, t) exp
(
i
2πm
Lx
x
)
exp
(
i
2πn
Ly
y
)
. (5)
Similar expansions can be written for the quantities
E0(r) and P˜1(r, t) with the coefficients e
0
mn(z) and
pmn(z, t), respectively. Substituting these expansions
into Eqs. (3) and (4) and taking into account the in-
equalities Lx, Ly ≫ d, one obtains the equations for the
Fourier coefficients
dpmn(z, t)
dt
+
Γ
2
pmn(z, t) ≈ iβeRmn(z, t) (6)
and
eRmn(z, t) ≈
∫ d/2
−d/2
F¯R(z, z′; ω¯0, κmn)pmn(z′, t)dz′, (7)
where F¯R(z, z′;ω, κ) is the Fourier transform of the field
susceptibility tensor [20] and
κmn = 2π
√(
m
Lx
)2
+
(
n
Ly
)2
(8)
is the absolute value of the wave vector of the field mode
(m,n).
Taking the Laplace transform of Eqs. (6) and (7) in time
and performing necessary integrations and summations
one comes to the vector equation[
Mˆ − σ(s)Iˆ
]
~A(s) = ~B, (9)
where σ(s) = (s+ Γ/2)/iβ,
~A(s) =


E−κ (s)
E+κ (s)
E−z (s)
E+z (s)

 , ~B =


P−κ
P+κ
P−z
P+z

 (10)
with
E±j (s) =
∑
k
∫ d/2
−d/2
H±jk(z)e˜Rk (z, s)dz, (11)
P±j = −
ia
βω¯20
∑
kl
∫ d/2
−d/2
∫ d/2
−d/2
H±jk(z)FRkl(z, z′)e0l (z′)dzdz′.
(12)
Here Iˆ is the unit 4×4 matrix, the explicit forms of the
matrix Mˆ and the functions H±jk(z) are given in [20], the
tilde denotes the Laplace transform and we have omitted
everywhere the subscripts mn for the sake of brevity.
As it follows from Eq. (9), the time evolution of the
cavity field, which enters the vector ~A(s) by means of its
Laplace transform e˜R(s), is determined by the poles of
~A(s) or, equivalently, by the zeros sj of the determinant
of the matrix Mˆ − σ(s)Iˆ . On the other hand, at these
zeros the quantity σ(s) gives the eigenvalues λj (j =
1, ..., 4) of the matrix Mˆ by definition. Therefore the
poles of ~A(s) can be expressed as sj = −Γ/2 + iβλj .
Consequently, if the matrix Mˆ has at least one eigenvalue
with a negative imaginary part, Im(λj) < 0, and
− Im(λj) > Γ
2β
=
4π
3
Γ
fǫhω¯0
, (13)
then the cavity field will increase with time as exp(gt)
with the generation rate g = −Γ/2 − βIm(λj). In such
a case the imaginary part of the corresponding pole will
determine the frequency pulling effect for the frequency
of generation,
ωg = ω¯0 − βRe(λj), (14)
which is known for lasers as well [8].
Steady-state operation. – Equation (3) describes a lin-
ear regime of the NPs excitation when the cavity field is
not too strong. If the generated field is very intensive,
it should be corrected to take into account the nonlinear
terms. The nonlinear optical response of metal NPs is
manifested, in particular, as the saturation of absorption
of metal-nanoparticle composite [21, 22]. It becomes es-
sential when the exciting field intensity, I, is comparable
with the saturation intensity, Is. Then the nanocom-
posite absorption coefficient can be well described as
α(I) = α0/(1 + I/Is) with α0 being the absorption coef-
ficient in the linear regime. This effect can be introduced
in Eq. (3) by means of multiplying the coefficient β by
the factor (1+I/Is)
−1. Then, considering the saturation
4regime where the cavity field amplitude E˜R varies very
slowly in time and performing the Laplace transform, one
comes to the equation[
(1 + I/Is)
−1Mˆ − σ(s)Iˆ
]
~A(s) = ~B1, (15)
instead of Eq. (9). Here the vector ~B1 is determined
by the value of the NPs polarization at some moment of
time t = t1 which corresponds to the saturation regime
and we have neglected the time dependence of I in the
equation coefficient for the sake of simplicity. As before,
the time evolution of the vector ~A, and hence the cavity
field, is determined by the zeros of the determinant of the
matrix (1+I/Is)
−1Mˆ−σ(s)Iˆ . Then the condition of the
steady-state operation, Re(sj) = 0, gives the intensity of
the generated field in the steady-state regime, Iss:
Iss
Is
= −2β
Γ
Im(λj)− 1 (16)
with λj being the eigenvalue of the matrix Mˆ which cor-
responds to generation. The generation frequency under-
goes saturation as well:
ωg = ω¯0 − βRe(λj)(1 + Iss/Is)−1. (17)
Numerical results. – We investigate the criterion of gen-
eration for a cavity between two silver films. One of
them is deposited onto a prism surface (ǫp = 1.45
2)
and has the thickness h = 100 nm, whereas the other
is much thicker than the wavelength of operation and
is assumed to be semi-infinite in the z-direction. The
cavity interior is filled with glass (ǫh = 1.45
2) and con-
tains Ag NPs with the volume fraction f . The di-
electric function of the Ag films is taken in the Drude
model, ǫm(ω) = ǫ∞ − ωp/[ω(ω + iγ)] with ǫ∞ = 5,
ωp = 14.0 × 1015 s−1 and γ = 0.032 × 1015 s−1 [23].
For silver NPs the relaxation constant can be written as
Γ = γ + bvF /R, where the Fermi velocity vF = 1.4× 104
cm/s, R is the NP radius and b ≈ 1 [23]. For the given
parameters and f = 0.01, the LSPP wavelength is found
as λ¯0 = 2πc/ω¯0 = 2πc
√
ǫ∞ + 2ǫh/(ωp
√
1− f) ≈ 410 nm.
Figure 2 shows the contour plots in the parameter plane
κ− d which according to Eq. (13) determine the thresh-
old for generation. The other eigenvalues of the matrix
Mˆ , λ3,4 = 0, correspond to the polarization oscillations
decaying with time as exp(−Γt/2). The threshold is in-
creased with the increase in Γ (or, equivalently, with the
decrease in the NP radius R) and with the decrease in
f . Accordingly, the size of the region in the parameter
space, where generation is possible, is reduced that can
be used to ensure a single-mode operation.
The values of the modes wave numbers, Eq. (8), calcu-
lated for a cavity with Lx = 1300 nm and Ly = 650 nm
are shown in Fig. 2(b) by arrows. One can see that for
the cavity thickness d ≈ 50 nm the generation condition
can be realized only for the mode (2, 2). However due
FIG. 2. (a) The contour plots Im(λ1,2) = −Γ/(2β) in the
plane κ − d for f = 0.01 and R = 10 nm. The blue and
brown lines correspond to different eigenvalues of the matrix
Mˆ . The area shaded in red is the region where the criterion of
generation, Eq. (13), is fulfilled. (b) Same as a, but for R = 3
nm. The red arrows show the values of κ which correspond
to different modes (m,n), Eq. (8). The red dot specifies the
set of parameters for which the numerical results are given in
the text.
to the degeneracy with respect to the signs of m and n,
the same condition is also fulfilled for the modes (−2, 2),
(2,−2) and (−2,−2). These four modes propagate along
the different directions specified by the azimuthal angles
φ = ±63.4◦,±116.6◦ in the xy plane [see Fig. 1(b)].
The initial intensity of the generated wave depends on
the constant voltage, V0, applied to the cavity. The cal-
culation for d = 50 nm and κ22 = 0.0216 nm
−1gives for
its mean amplitude at t = 0 | eRz (0) |≈ 0.30× | e0z(0) |,
that corresponds to the initial wave intensity I(0) ≈
1.1 × 108× | e0z(0) |2 in Gaussian units. If, for exam-
ple, V0 = 1 mV, then I(0) ≈ 5 W/cm2.
For the parameters given above, one finds the gener-
ation rate g ≈ 8.3 × 1013 s−1. When the saturation
comes into play, the intensity of the generated field in
the steady-state regime can be obtained from Eq. (16) as
Iss ≈ 0.33Is. Taking into account the frequency pulling
effect, Eq. (17), one finds the wavelength of generation
5λg = 407 nm. From here one calculates the polar an-
gle θ relative the z-axis, at which the generated wave
can be detected in the Kretschmann configuration, as
θ = arcsin{κ22/[(2π/λg)√ǫp]} = 74.8◦.
For estimates we take the results of the self-consistent cal-
culations of the saturable absorption in silica glass doped
with Ag nanoparticles, which give Is ≈ 100 MW/cm2 at
λ = 430 nm [24]. Despite a very high intensity of the
generated wave (Iss ≈ 33 MW/cm2), the corresponding
consumed power is rather low: P = Iss(Ly/ cosφ)d ≈ 26
mW.
Conclusion. – We have proposed and analyzed a self-
excited generator of gap surface plasmon polaritons
which is driven by a constant applied voltage. Its scheme
is based on a plasmonic nanocavity doped with metal
nanoparticles whose polarization undergoes a positive
feedback from the reflective cavity walls. In contrast to
spasers or plasmon lasers, such a generator does not ex-
ploit stimulated emission and does not require therefore
powerful pumping, which is necessary to create a pop-
ulation inversion in a system with fast relaxation. The
generation frequency is dictated by the LSPP frequency
of the NPs and can be tuned by changing their metal
composition, size, and shape [25]. The principal novelty
of this approach, among other things, is the possibility
to trigger the self-excitation (self-oscillation) process by
applying a moderate electric field, that is a significant
advantage for practical applications [26, 27].
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